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A novel technique, incorporating mixed boundary con-
ditions and carrier recombinatian, for determining the dif-
fusion charge collection efficiency function, Q. (£), is pre-
sentedand applied to arealistic, 3-D, memory device, to ob-
tain the upsetcrosssection,o, asa function of LET and ori-
entation of incidence.The modelis ableto reproduceexper
imental measurements,and can be usedto more accuratdy
predicto acrossregimeswherelittle dataexists. This will al-
low for the determination of more preciseerrorsrates,while
simultaneouslyrequiring fewer experimental data points.

|. INTRODUCTION

Historically, mary of the attemptsto predict heary ion-
inducedupseftcrosssectionsg, have beenbasedsolelyongeo
metricalconsideations,with minimd input from semicondc-
tor physics. The Rectanglar Parallelepipd (RPP)[1] andits
more sophisticateccountepart, the Heavry lon CrossSection
for SingleEventUpset(HICUP),[2] and[3], have beernpopula
constriets usedto modelo andcalculatedevice upsetratesfor
mary years. Although theseappoacheshave beensuccessful
in replicatingexpeimentalmeasuremntswhenmocde! param
etersare selectedo fit data,the limited physical input leaves
their applicability to future volatile memoy devicessomevhat
limited.

In recentyeass, efforts to construct chage collectionmodels
governedby the chage transpor equatias incorporatingcar
rier reconbinationanddrift/diffusionhave beenundetaken by
variousmemkersof the SEEcommunity. Dueto thewide avail-
ability of sophisticatedpackags that employ finite element
analysisto solve the Poissonand cortinuity equdions, much
hasbeenlearnedregading the evolution of injectedchage in a
devicevia computersimulatiors, [4] and[5]. However, full 3-D
simulationcodesarecompuationallyintensve, soa greatdeal
of effort andmachnetimeareneededo predct upsetcrosssec-
tion asafunction of ion LET andincidert angle evenfor sim-
ple,singleor doube junctiondevices. Thecompuationalinten-
sity for more comgex devices, suchas DRAMs, that contan
millions of cells and have the property that chaige cantravel
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greatdistancedrom anion trackto upseta particularcell, can
be overwhelming.

Otherauthos suchasKirkpatrick [11], Wouters[12], Smith
etal. [7], andEdmortds[8] and[9] have useda more analytic
appoachintendedor thosecasesn whichdiffusionis believed
to bethedomnantchage transpor mectanism. Thefirst three
authas assumedirichlet-only type boundary corditions on
the entireupperdevice plane(the cell densityis large enoudn
for adjacentellsto shareboundaries) Edmordsusedthemore
versatilemixedtypebourdaryconditians,but histreatmenstill
contaired unraalistic simplifications(an entire array of cells
is replacedby several types of regions definedby conceifric
rings). Also, while Edmadstreatedreconbinationin thethe-
ory [8], thiswasnotincludedin the numeri@l results.A more
recen paper[10] removestheselimitations only if the reader
cansupplyinformationthatis difficult to obtainandis unique
to thegeomety of interest.

Like the earlier treatmets, it is assumecherethat chage
transpat is governedby diffusion. The chage-collectio time
is assumedh thiswork to be effecively infinite, sotheapplica-
bility of this work is somevhatlimited. A notalle examge in
which this work is believedto berelevart is the DRAM. It has
beenknown for sometime that diffusion cantranspor chaige
over large distancesn DRAMSs [6]. A notabledistinctionbe-
tweenthis work andprevious work is in theassumedbourdary
condtions.

The presentpaperis the first to usemixed boundary cond-
tionsthatgive aliteral representatioof alargearrayof cellsof
arbitrary aspectatio andspacing. Themixed bourdarycond-
tionsinclude reflective bourdaryconditilnsbetweercells. This
is essentiafor predcting thatdifferentcellseachcollecta por
tion of chae liberatedbetweercellsnearthetop of thedevice.
In contrasttheDirichlet-typecondtions usedin previouswork
predct that all chage liberatednearthe top of the device is
collectedentirely by onecell. Furthermore,recomtinationis
includedin thenumeical results.

Ultimately, crosssectionsaremeasuredo provide thedevice
inputs for upsetratecalculatiors. In orde to carryoutthefold-
ing integrals, the crosssectionmustbe evaluatedatall erviron-
mentallyrelevart ion LETs andoriertations. However, dueto
practica consideations,measuremntscanbe obtainedat only
ahandfil of LETsandandes. In practice LET andorientation
arecomhbnedinto asinglevariable:“dfective LET”, viatheco-
sinelaw. However, thecosinelaw is avery poa appoximation
for atleastsomeDRAMSs [13]. Whenthe cosinelaw fails, ion



LET andorientdion becane separatevarialles. Besidespro-

viding physicalinsightinto the comgex issueof chaige collec-
tion, agoalof thiswork is to corstructa setof numericaltools
that can, by employing the input of a limited amount of ex-

perimantal data,producea contiruousfunction thatmodds the
crosssectionandcanbeusedn theupsetratecalculationsThe
appoachleavesion LET andorientation asseparatevariabies.
Furthemore,the curwe is derived from physicsandthe mocel

paraneterscorrespondto physical obserables. The predicted
depenlenceof thecrosssectionon LET is shavn to agreewith

expaimentaldata.

II. DESCRIPTION AND LIMITATIONS OF THE
CHARGE-COLLECTION MODEL

A diffusion-only analysis might seeminappopriae in view
of thefactthatdrift alsocontritutesto chaige collection.How-
ever, previous investigdions have found that diffusion calcu-
lationscanimplicitly include drift subjectto certainqudifica-
tions. What follows is a brief discussionon the relevent top-
ics of the chage-collectionmodel and qualificatiors usedto
derive the above assertion. For further detailssee[10], [14],
and[15]. A limitation of themodel is the presenc®f forward-
biasedstructurs is not consicred,sotheanalysisdoesnot ap-
ply to devices (e.g., SOI devices) that exhibit a strongbipo-
lar gain amplificationof collectedchage. It is assumedhat
eachsink for minority carries is eitheran electrodecontad or
areversedbiasedp-njunction depletionregion (DR) bowndary
(DRB). Chage collectionis calculatedfor ary selecteddRB,
andthe calculationsaccount for the fact that carrierremoval
by othersinkslimits the chage availablefor collectionby the
selecteddRB.

First conside the casein which the selectedDR took a di-
recthit from a heavy ion. A rearragementof liberatel carri-
ers,in respaseto the electricfield in the DR, neutrdizes the
spacechage formally in the DR, causinga DR collapse. For
atypical low- to modente-\oltagemicroelectronicdevice, the
numter of carriersneead to do this is small enowgh thatthe
intact part of the track, which is now comgetely outsidethe
post-tit (collapsed)DR, is nearlyall of theinitial track. There
is a displacemencurrert during the collapsestage(the dura
tion is measuredn picosecods), but this makes a negligible
contritution to collectedchage compaed to the amount col-
lectedlater. Nearlyall chage collectionoccus while theDR is
recovering Therecovery stagebeginswith neaty all of theini-
tial trackoutsideof avely nartow DR. As reco/ery progesses,
theDR expards(to regainitsinitial width) while carries simul-
taneosly move into the DR via drift/diffusion. Therecoveryis
gradialenowhthatthedisplacerentcurren is smallcompared
to theflow (drift/diffusion)current,sothereis acontiruousflow
current from onedevice terminalto anotter. However, whethe
acurrert is drift or diffusion depend on the locationat which
thecurrertis evaluated,.e.,acurrern canbeentirelydrift atone
locationanda mixture of drift anddiffusionatandherlocation
Theapprximationsusedherecanbeexplainedby selectinghe
DRB asthelocationatwhichthecurren is calculated.

The first appoximation ignores the DR expansion,so the
DR is treatedas a static system. Under static condtions, a

reverse-biasedR blocksthe majority carriercurren because
the strongelectricfield inside the DR prevents suchcarriers
from traveling throudh. This meanghatthe poterial distribu-
tion in the quasi-netral region outsidethe DR (which will be
calledthe substratefor brevity) becomesvhatever is requied
to producethe drift currens neededo make majority-carrier
drift balarce majority-carrierdiffusionin the substratenearthe
DRB. Most chage collection occus uncer high-densitycon-
ditions (the carrierdensitygreatlyexceed the dopirg density)
both on the track and on the DRB. Suchcondtions, togetter
with quasi-reutrality outsidethe DR, imply that the electron
and hole densitieshave nealy equalvaluesand gradierts on
the substrateside of the DRB, so electronand hole drift cur
rentsarein the ratio of the motlities, and electronand hole
diffusion currents arein the ratio of the mobilities. Therdore,
majoiity-carrier drift beingequalto majority-carrier diffusion
impliesthatminority-carrierdrift equalsminority-carier diffu-
sion. However, the two minority-carriercurrentsaddto instead
of subtractfrom eachother so half of the total current at the
DRB is minority-carrier drift and the other half is minority-
carrierdiffusion. Statedanotler way, the total curren at the
DRB is twice the minority-carrier diffusion curren. If this
currentcanbe calculated thenthe potertial distributionin the
substratdeconesincidental becausét is enowhto know that
the potentialdistribution becomesvhatever is neede to male
thecurren equalto twice the minarity-carrier diffusioncurren.
Thediffusion currert is contolled by thegradiet of the carrier
densityandthis calculatiornrequresadditioral appoximatians.
The ambipdar diffusionequationis a goad appraimation for
thepurpaseof calculatinghecarrierdensity but boundarycon-
ditions arealsoneedd. Although high-censity conditions ap-
ply at the DRB, the carrierdersity thereis still muchsmaller
thanit is elsavherealongthetrack. An appoximation(which
is not alwaysgood)is to treatthe DRB asa sink for the pur-
poseof estimatingthe carrierdensitygradiern from the diffu-
sionequatia.

Theabove discussiorstartedwith a directhit to the DR, but
with or without a direct hit, the staticapproxmation togetrer
with high-densitycorditionsleadsto the sameconclusim; that
thetotal curren is twice the minotity-carrierdiffusioncurrent.

The validity of this mocel was testedaganst a compuer
simulationthat solved the drift/diffusionequatims for a large-
volume diode containirg an ion track [10]. It is taken for
grartedherethattheterm“actual” is acceptale whenreferrirg
to the simulation predictions, so we will usethat term when
referring to simulationpredctions and say “calculated when
refering to predctions from the abore mocel. In this com-
parison the DR took a directhit from theion. The calculated
collectedchage up to atime ¢ agree well with the actualcol-
lectedchage, providing thatt is severalnarosecond®r more.
Theagreementwasvery poorfor earliertimes(lessthanl ns).
Theactualcurrentwasmuchsmallerthanthecalculateccurrent
atsuchtimes. Themathenaticalexplanationis that,contray to
anassumptiorusedfor the mockl, the DRB is not sink-like at
earlytimes. Thephysicalexplanationis thattheinitial DR col-
lapseis so greatthatthe DR lost mostof its built-in potential
barier, i.e., it becamestronglyforward biased. This prodices



an emitter current (a forward currer) that compeaeswith the
reversecurrent producedby thetrackbelow theDR. Themocel
doesnot includea competing curren, soit overestimateshe
collectedchage at early times. Forturately, the contibution
from earlytimesto collectedchage over muchlonge timesis
smallenaighfor themodelto bea goad approxmationfor col-
lectedchage accumulatedver several nanosecodsor more.

Onelimitation is thatthemodelcanonly be usedfor devices
having along (severalnanosecedsor more) chaige-collection
time (e.g., DRAMSs). Another limitation could be removed,
but is imposedherefor computationalcorvenience The active
layermustbethick enowghsothatit unrecessaryo includeary
lower bourdaries.Statedanothemvay, the active layermustbe
thick enowgh sothatthecollection by aselecteaink, of chaige
liberatednearthe bottomis negligible, eitherbecausehe col-
lectionis sharedby mary sinksand/a becase of reconbina-
tion (i.e., afinite diffusionlength. Bulk DRAMs mightbethe
only devicesthatcanbe treated but the analysis is still useful
becausasuchdevicesarefrequently usedin space.

Notethata factorof two appliedto the diffusion current (to
include drift) is accompniedby andherfactorif the diffusion
currentis calculatedoy multiplying the carrierdersity gradient
by the ambipolar diffusion coeficientinsteadof the minority-
carrierdiffusioncoeficiert. (It is mathenatically corvenien to
usethesamecoeficientthatappearsn thediffusionequatia.)
Theadditimalfactoris theratio of diffusioncoeficients. How-
ever, thesefactorscanbeabsorledby thecritical chage, sothe
equatimsin SectionlV donotincludethem.

I1l. DEFINITION OF DIRECTIONAL CROSS SECTION

By changng the order of integration (andes first and then
LET, or vice-wersa)and/orusinga charmein variables(e.g, to
definean effective flux), therearea variety of equivdent ways
to write anintegral thatcombiresdevice datawith ervironmen
tal datato obtdn anupsetrate,r. Dependhg on physical as-
sumptiors (e.g.,the RPPmocel versusothe)), oneway might
bemorecorvenier thananother Theintegral thatis mostcon
venien for the presehwork is from first principles:

0o 1 27
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where® (L, 8, ¢) is the differential(in LET) directiona flux,
o (L,8,¢) is the directimal crosssection,f and ¢ are spher
ical coordnate angles,and L is particleLET. The directioral
crosssectionis experimentallydefinedasa numter of counts
divided by beamfluencewherefluenceis measuredn a plane
perpendicularto thebeam asoppasedto thedevice plane.This
is not the sameasthe crosssectionthatis plottedin the tradi-
tional cosine-lav format, in which fluenceis measuredn the
device plane The latter crosssectionis obtainedby dividing
the directiona crosssectionby cos . Similarly, L is particle
LET andis not the sameasthe “effective” LET thatis plot-
tedin thetraditional cosine-lav format. The effective LET is
obtaired by dividing the particle LET by cos#8. Plotting for-
matswerecomparedin [13] for a particdar DRAM (theris a

mismatchbetweerfiguresandcaptionsn [13], andthecaption
thatshoud bewith Fig. 3 in [13] is actuallywith Fig. 6). The
cosinelaw format produceda badly scattereglot, while a plot
of directinal crosssectionversts particle LET shaved much
lessscatter The cosine-lav formatis clearly not a usefu way
to displaythesedata,so in this paper crosssectionrefersto
directinal crosssectionandLET refersto particleLET.

If it werepossibleto experimentallymeasurehe directicnal
crosssectionfor all directins and LETS, no device physics
mockl would beneededecasetheaboveintegral couldbenu-
merically evaluatedusingmeasurediata.However, testionsat
affordable(moderate-ermy) facilities have limited rangesand
thislimits thetilt angleghatproducemeanindul data.Physical
mockls areneededo extraplate datafrom the limited angles
thatcanbetestedo thelargerangleshatarerelevart in space.
The objective of this paperis to suggst a possiblemethal for
predcting thedirectionalcrosssectionatall anglesandLETs,
from eitheraknowledgeof device physicalparaneterq(if avail-
able)or from small-ande testdata(via selectingphysical pa-
rametes to fit data).

IV. THE DIFFUSION PROBLEM

It hasbeenshown in [8] that all information regarding the
ability of a DRAM cell to collectchage, via diffusion over a
longenaighperiodof time,is containedvithin thecell’schaige
collectionefficiengy function, Q- (£). This function is a scalar
poterial thatdepend only on the device bourdaries,andlife-
time of theinjectedcarriers;. Oncedeterninedfor aparticuar
geonetryandr, Q2 (¥) canbeusedto calculateg, for anarbi-
trary chage density £ (%, t),

0= [0 @@ =0 da @
As shovnin [8], Q. (Z) is definedto satisfy
L, (2) =0, 3)

where £ is the modified Helmhdtz opeator, (V2 — k?),
k2 =771 D~1, andD is thediffusioncoeficient.

The device undercorsiderationis modéed asa silicon vol-
ume,occupying thehalf spacez < 0, with thez = 0 planeco-
inciding with the upper bourdary of the device wherethe ion
strike entersthe sensite volume. This planecontainsan in-
finite rectamgular array of sinks, eachrepresentig the areaof
chage collectionfor a particularcell. The sinks are labeled
So, S1, ..., with the centerof the sink of interest, Sq, being
placedat the origin (seeFig. 1). The sinks have dimersions
of {2a,2b} in the {z,y} directins and are separatedy the
correspondig distanceq«, 3}. Thelack of alower bourdary
onthedeviceis justifiedif 2, — 0 for somez <« Z, whereZ
is the substratehickness. For the devicesunder study this is
arealisticsimplification,however afuture pape will introdwce
a lower device boundaryandremove this limitation. As seen
in (4), thebourdaryconditiors on the sinksareof the Dirichlet
type,while theareadetweersinksareof the Neumam type

Q.,-(II?E S()) =1



Q. (Fe€eSi¢S) = 0 4)
on, B

The presencef the mixed bourdary conditilms complicates
thesolutionof (3). However, if the oriertationof theion’s mo-
mentum is restrictedto be orthagond to the upperplaneof the
device, realistic appioximatiors can be usedto derive an an-
alytic function that relatesLET andthe upsetcrosssections,
whichis the subjectof thefollowing section.

V. MODELING CROSS SECTIONS INDUCED BY
NORMAL-INCIDENT IONS

This sectionpresentsan analytic relationshipbetweerncross
sectionandLET for a specificion oriertation: nomal-incident
(8 = ¢ = 0). This function utilizes three fitting paraméers,
which have physical interpraations, and can be optimized to
predct crosssectiondor all LETs usingjusta handul of mea-
suremets.

The simplefitting function is givenin (5), while the details
of the derivation andassumptionsisedin solving (3) and (2)
areshavn in Apperdix A.

Ly = Ay/on + BeCVon+E, (5)

whereL y andony arethenormalincidentLET andupsetcross
sectionsyespectidy, while 4, (MeV - cm/mg) B (cm?), and
C (cm~1) arethefitting paraméers. The paranetervaluesper
tainingto aparticulardevice aredetermiredvia ay 2 minimiza
tion.

To evaluatethe usefulressof (5), afit to thenomal-incident
Oki MSM514400 4 Mb DRAM data, first repoted in [13],
is perfamed. The resultingcurve, alongwith the measured
dataareshown in Fig. 2. The resultingparanetervaluesare:
A =8.97MeV - cm/mg,B = 0.00 cm?, andC = 0.60 cm~!.

As seenin the figure, the curve successfullyrepraluces
the datameasuredat normal-inciderce. A Weihull curve (not
shawn) alsofits thedataverywell. However, unlike theWeihull
cune, thefitting parameersfor the curve shovn arerelatedto
physicaldevice paraneters(theserelationsarediscusseédh Ap-
pendx A.1). It shouldbe possibleto predicthow the parame
terswill changewhendevice characteristicare changd, but
this assertiorhasnot yet beentestedsotthis is a subjectfor fu-
turework. This discussiorfocusedon normal-inciden databut
a ratecalculationrequres a solutionthat appliesto all angles,
whichis the subjectof the next section.

VI. MODELING THE ANGULAR DEPENDENCE OF CROSS
SECTIONS

Again, the presene of the mixed bourdary conditiins com-
plicatesthe solutionto (3). Insteadinsteadwe chooseto ap-
proximate(.. (£), with aseriessolution, ¥, (%),

U, (¥) = me/)z' (), (6)

wherethe summatioris over all sinks,andv; (%) is the propa-
gata integral for themodfied Helmhdtz equatim,

1
— dx'dy’'
4 51{ vy

exp [—n\/(m — 2’ 4 (y —y)” + 22

V@—a)+ @ —y) +22

Note that ¥, (¥) exadly solves(3) andis constréned by the
Neuman conditiors. However, the chace of the exparsion
coeficients, o;, which have the physicalinterpretatio of the
‘chamge’ densitiesthat setup the collection efficiengy ‘field’,

deternineshow well the Dirichlet conditiins aresatisfied and
thushow accuatethe appraximationis.

In Fig. 1,a5 x 5 grid is shovn; however, for computations,
a7 x 7 arrayis used. The grid size canbe exterdedto anar
bitrary size,however 49 termsis adeqateto ensureseriescon-
vergence. The optimal expansion set, {o;}, is found via the
calculus of vaiiations,with the mathematicaanalysisgiven in
Apperdix B.

The values of {o;} are depenént upon the geometrypa-
rametes (A, B, «, andg) aswell asdiffusionrecomtination
paraneter k. For this study weusea=b=a =3 =1 and
x = 0.1. Thesedimersionlessnumbaes referto arbitraryunits
of thewell array For a device having 4 Mb distributed over
anareaof aboutl cm?, the averagedistancebetweerthe cen-
ters of adjacentsinks shouldbe abou 5 pum, so the distance
unit thatshouldmake the arrayconfam to the actualdevice is
roughly 2 um. Therefore,x = 0.1 correspondsto a diffusion
length (equal to £~ 1) of roughly 20 um, which is believed to
becredble in view of thefactthatthe paraneterselectionwas
somevhat ad hocfor this examge.

The total chage collected via diffusion from an ion of
LET= L thatstrikesthedevice ontheuppe planewith coord-
nates;, y, atanorientation of 8, ¢ is

$i(T) = (7)

9o (x)y707¢7L) = LZUz/ ¢(w+/\sin6?cos¢,
i 0

y+ Asinfsin g, —Acosf)d\. (8)

For a particularchdce of (8, ¢, L), the upsetcrosssection
is repesentedasthe area,multipled by cos 8, boundedby the
contarvalueg, = q., whereg, is thecritical chage needd for
anupset.Contous for threeion orientatiors: § = 0°,45°,60°
areshown in Figs. 3, 4, and5. Eachcontou in thefiguresrep-
resentghe crosssectionfor a particdar LET value. Thecorre-
spondng LETsare: 1,5, 10,15, 20, ...,60 MeV cm?2/mg, with
the innemostcontou beingthe LET = 1 MeV cm?/mg cross
section. Note that due to the choice of geomety paraneters
a = b = a = f3, thesecalculatims areazimuttally symmeric,
whichis corsistentwith the Oki DRAM behaior.

VIl. COMPARISON WITH EXPERIMENTAL MEASUREMENTS

A consegenceof numeically solving for the crosssection
is the ability to leave LET andorientation asindependentvari-
ables,asoppasedto combiring theminto an “effective LET".



As reportel in [13], the OKi datais not ‘well behaed if inter
pretedvia the cosinelaw. The un-transforned Oki data,along
with the model’s predctions are shawvn in Figs. 6, 7, and 8.
Note the calculatedcurves for 0° and45° repraducethe mea-
suremets. Thisis notmerelyanartifactof multiple adjustable
paraneters,becausehe family of curvesthatcanbefit by our
modé is fairly restricted sotheagreenentis encouaging.The
predction at60° is moretroubling, but it is presetly notclear
whetherthe prodem is with the predction or with the data. It
is well knowvn thattestdatafrom modeate-enegy facilitiesare
meanimyful only for restrictedtilt angles becase of ion range
limitations. A bulk DRAM is expectedto bethe extremecase
in termsof rangerequiementsi.e., theion LET mustbeneaty
constanbver a very long pathlengthin orde for the range to
be effectively infinite. Also, testdatawereobtainel from BNL,
whichis oneof thelower-erergy facilities. The comnon prac
ticeis to varythetilt angleupto 60°, but it is unlikely thatdata
abriptly charge from goodto badat this angle. There might
be a systematidrend from testlimitations thatis mild at 45°
but stronge at 60°. Thisissuewill beresolhed in afuture pa-
perthatwill compae the presentdatawith newv datathatwill
be obtanedfrom a higherenegy facility. In themeantimethe
god agreenentwith the normal-incident dataencouagesus
to believe that the presentwork cansene asa foundationthat
future work canbuild upon

VIIl. CONCLUSIONS

Chaxge collectionvia diffusionincorporatirg carrierrecom
binationis usedto derive a 3 parameteianalytic relationslip
betweercrosssectionandLET for normalincidentions. This
fundion is shavn to accurgely repralucemeasuementsfor a
realworld device.

A genealized nunerical solutionto the diffusion equation
incorporatingmixed bourdary corditions andcarrierrecomli-
nationis presentedvhichis valid for all ion orientatios. Using
expaimentaldataasinput,it allows for thegeneratio of acon
tinuous crosssectionsurfacethatis afunction of bothLET and
orientdion andcanbeusedin upsetratecalculatios.

This technque has several adwartagesover the standard
methalology of collecting dataat several LETs and orienta
tions,andcomhning the two independen variablesinto a sin-
gle “effective LET” (via the cosinelaw). The cosinelaw is
basedon geometical consideationswith limited applicalility
to physical phenanena. In contrast,this work treatsLET and
orientdion as separatervironmentalvarialdes allowing for a
moreaccurategrediction of the crosssectionacrosgegimesof
limited measuremas, all of which resultsin more realisticer
ror ratesusinglessexperimentalmeasurerants.

APPENDIX
A. Derivation of Normal-Incident Fitting Function
For anormalincidention, (2) simplifiesto

4o = aL/QT (w,y,z) dZJ (9)

Sink of interest

Fig.1. Theuppersurface (z = 0) of amemorydevice,covered by aninfinite
rectangular array of carrig sinks, labded &, S1, Sa, etc. Note the sink of
interest, Sp, is locatedat the origin. The sinks have dimensiors of a andb
alongthe z andy axis, with spachgsof a and 3. The z axis lies alongthe
horizortal, andthe y along the vertical.

Normal—Incident Cross Section Fit C
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Fig. 2. Plot of the normatincident fitting function (5) derived from (3) and
the Oki MSM5144004 Mb DRAM normalincidentdata. Ly andoy arethe
normal-ircidert LET and upsetcrosssectians respediely. The values of the
fitting paranetersarealsogiven. Notethatno errorsbarswererepotedfor the
Oki data
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Fig. 3. Conbursof chage collection for § = (°. The areaboundby the

contousarethecrosssectonsatthevariousLETSlisted in thetext. Theinverse
of the values listed in the legendarethe corresponthg LETs of the contours.
Notefor § = 0° the crosssectbnsarecircular.
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Fig. 5. Contous of charge collection for # = 6(°. The areaboundby the
contaursarethecrosssectinsatthevariousLETSlisted in thetext. Theinverse
of thevalues listed in thelegerd arethe correspading LETs of the contours.
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Fig. 6. Comparson of the upsetcrosssectons predicted by diffusion asa
function of LET and measureentsof the Oki MSM5144® 4 Mb DRAM,
for # = 0°. Note the theory succesfully reprodicesthe data implying that
diffusion playsa critical role in in chage collection for this device.
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Fig. 7. Comparson of the upsetcrosssectons predided by diffusion asa

function of LET and measuremets of the Oki MSM5144004 Mb DRAM,
for § = 45°. Notethetheay successfuy reprodicesthe datg implying that
diffusion plays acritical role in in chage collection for this device.

10' 1 1 1 1 1 1 1
S 1072 N Measurements & Predictions for 8=60°
5 L
‘; | Diffusion Equation Solution | [
N E (] Oki MSM514400 4Mb DRAM| |
10_6 T T T T T T
10 20 40 50

30 )
Le (MeV cm? / mg)

Fig. 8. Comparson of the upsetcrosssectons predided by diffusion asa
function of LET andmeasuremestof the Oki MSM5144004 Mb DRAM, for
0 = 60°. Notethescaterin thedata would inhibit ary ‘smooth’function from
precisdy reprodwingit.
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Fig. 9. The predicted cross sectiors for 3 angles of incidence
(8 = 0°,45°,60°). Notethatkeephg LET andangleof incidenceasseper
atevariables is more successful at prediding crosssectons thanthe standad
methodof combingtheminto “effective LET” via the cosire law.



whereL is the LET anda is a unit corversionfactorthatcon
verts LET, typically expressedin units of MeV cm?/mg into
pClum. Insteaddf solvinga boundaryvalueprablemfor €2 and
thenintegratirg, thealgelyais moretractabldf we solvefor the
integral of Q2 directly. Define H by

Hws)= [ 0y)d. (10

The objective is to solve for H. After doingthat,q, canbe
expressedn termsof H using(9) and(10) to arrive at

4o = aLH (z,y,%) .- 19
To solvefor H, integrate(3), while using % =0asz = o
to get

V?H = k’H, (12

i.e., H satisfiesthe sameequatimn as{2. Boundary conditins
for H impliedby (10)are

OH (z,y, 2)

9z |z:0 =0 (55,2/,0) . (13)
Thesolutionof (12)and(13) is
Hzws) = o [0@y,0ddy (19

exp | -myf(o— o)+ ()4 2
V=2 + -y +22

Evaluding at z = 0 while using(11) gives

Wy = 5 [0y 0y a9

exp |-/ — )" + = )7 22

V- + -y +2

Usingthemearvaluetheoren for integrals,we canwrite this
as

exp [—K\/(.’L’ — o) 4 (y —y*) + 22
V@—e)? + (g -y + 22

Q(2',y',0) dX'dy

%0 (z,y) =

al

2w (16

for somesuitablez*, y* whichwill depend on z,y. Theseco-
ordinatesare selectedso that the coeficient to the integral in

equatia 16 is theaveragevalueof the coeficiert to Q in (15).

One canthink of z* andy* as average valuesof the source
coodinatesz’ andy’, with the averageweightal by Q, i.e.,
the avergge favors thosevaluesof ', y' at which  (z',y') is
largest. Notethat( (z',y') differssignificantlyfrom zeroonly

whenz', ' is on or nearthe sink of interest,soz* andy* are
ontheorde of thesinkdimersions(theorigin of thecoordnate
systemis centeredn thesink of interest).Also notethat

(z—2*)+@—-y) ~a?+y2+ @)+ ). @7

Another approximation is obtaired by notingthatz * andy*
areimpartantin (16) only whenz andy arelessthanor onthe
order of the sink dimensios. Thereforean appoximationfor
z* andy* thatis goad for small z andy canalsobe usedfor
arbitray  andy. Onetherebre appoximatesz * andy* with
values thatapply when(z,y) = (0,0). In otherwords,a con-
stant,B, canbedefinedas(z*)® + (y*)? is aconstan defined
as

B=r[@) + )] (18
B is treatedasalfitting paraméerand(17) becomes
*\2 *\2 2 2 B
-2+ -y P42 (19

Substitutingn (16) gives

exp [—% (22 +y?) + B} 20
qo ('Z.7y) - ﬁ\/m ( )

“L [0 (', 0) dXdy
21

For a given hit location (z,y), we select L so that
4o (,y) = ¢., the critical chage. Thenn (22 + y?) is the
crosssectiong and(20) becanes

L= AVo + BeCVotE, (22)

whereA andC areadditioral constantslefinedby

2y/7q,
A= 22
a[Q(z',y',0)dxdy (22
and
c=" 23
7

Theequatiorusedto fit datais 21 whereA, B, andC arefit-
ting paraneters.Theconrectionbetweerthefitting paraneters
andphysicalparanetersis givenby (22) and(23) for A andC.
Thephysicalinterpraationof B is alittle more vague but it is
seerfrom (18) the B is ontheorderof thesink area.

Thefitting paraméersarerelatedto physical parametesvia
the above equatiois only if the crosssectionis a perbit cross
section.Device crosssectionanalsobefit using(21), but the
conrectionbetweerfitting paraméersandphysical paraneters
is modfied by the nurmberof bitsin thedevice.

B. Solution of charge

Considertwo functions: Q- and¥ ., bothof which areexact
solutiors of (3). Assume).; is exactly constrairdby themixed
boundary conditiors of (4). Construct¥ , asin (6) and (7).
Note ¥, satisfiesthe Neumann bourdary condtions, and we



will chosetheoptimumsetof {c; } to appraximatetheDirichlet
ones.

To quantify the appoximation definethe following metric
Ma

M E/|VQ—V\I’|2d3m+/m2 Q-9 d%z, (29

wheretheintegrationis carriedovertheentirevolume of thede-
vice. To find the expansioncoeficients, we mustminimize M.
Applying Greenes First Identity andit’s corollary, we arrive at

M= j[ avQ.adat+ J (25
S

where
(29)

Notethatthefirst termin (26) only contritutesover the sink
of interestSy, thus

J = 2% QVE.nda— Z?f IVU.Ada (27)
So —Js

J = 27{ QVY.ada— 7{ UVV¥.nda
S S

To minimize M, we will maximze 7. NotethatsinceQ is
afield setup by the ‘chames’, {o;} we canassumehe E-field
contiruity conditiors hold true,namely

ov

£|z=0 = —4no (.’U, Y, 0) 3
thusV¥.7 contritutesonly overthewells. Let A; bethearea
of theith well, thus

(29

J=2 7{ soda+ 4wy 7{ 0¥ (Hda (29
So i vSi
Using(7) we have
J =20040 — ZUinRz',ja (30
(2%]
whereR; ; is asetof geomérical constats definedoy
exp [—”\/(w — ) +(y - y’)2]
ro-f @
sts Je-o)+@-y)
In orde to maximize 7, set
N
90, 0 (32

for all . Substitutingin (30) and perfoming somealgebaic
manipulations,we have

Z oiRy,i = Agdo-

k3

(33

Treatingthisasasystenof linearequatios, we solvefor {o;},

&= (Rix) " Aodro (39

where(R; ;)" is theinverse matrix of R; ;. In pradice, all
integrationsarecarriedout nurerically.
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